The ongoing requirement in adult heart for transcription factors with key roles in cardiac development is not well understood. We recently demonstrated that TBX20, a transcriptional regulator required for cardiac development, has key roles in the maintenance of functional and structural phenotypes in adult mouse heart. Conditional ablation of Tbx20 in adult cardiomyocytes leads to a rapid onset and progression of heart failure, with prominent conduction and contractility phenotypes that lead to death. Here we describe a more comprehensive molecular characterization of the functions of TBX20 in adult mouse heart.
abnormalities were detected as early as 5 days following Tbx20 ablation, accompanied by rapid progression to heart failure. We showed that expression levels of selected genes that included several potassium and calcium channels (e.g. Kcnd2, Kcnip2, Cacna1c, Cacna1g) , gap junction proteins (e.g. Gja1, Gjc1), and other ion transporters including the ATPase Serca2 (Atp2a2), as well as its regulator Pln, were down-regulated in Tbx20 knockout hearts, providing a molecular basis for the severely impaired contractile function of mutant hearts. We also generated a comprehensive catalog of TBX20 binding regions in the genome of adult hearts and found that DNA sites bound by TBX20 were associated with genes involved in ion transport, heart contraction and heart development.
Although these data were critical to providing a mechanistic basis for the observed adult heart phenotype, we were interested in gaining a genome-wide view of the impact of absence of TBX20 on the adult heart transcriptome, to precisely define genes and functional pathways under the direct control of TBX20, and to better understand how this transcription factor regulates expression of genes in different functional pathways. Notably, TBX20 can act as transcriptional activator and repressor, probably depending on context (15) . Analysis of TBX20 genome-wide binding data alone does not allow discrimination of functional binding, or to determine which targets are activated or repressed by TBX20. Therefore, we obtained global transcriptome data in adult hearts of conditional Tbx20 knock-out and wild-type mice to gain further insights into transcriptional networks directly and indirectly regulated by TBX20 in adult heart.
Here we report that TBX20 is a major regulator of adult cardiac biology, identifying thousands of differentially expressed genes and their biological functions, determining primary and secondary effects of the loss of TBX20 and identifying distinct molecular pathways regulated by TBX20 as either a transcriptional activator or repressor. We also gained a better at Harvard University on February 11, 2012 http://hmg.oxfordjournals.org/ Downloaded from understanding of molecular mechanisms by which TBX20 regulates gene expression in different contexts by identifying transcription factors that may act in concert with TBX20 on distinct subsets of genetic pathways.
Results

Transcriptome analysis reveals that TBX20 regulates adult cardiomyocyte structure and function
We have previously characterized genome-wide binding sites for TBX20 in adult mouse heart. We showed that TBX20 binds at sites near genes associated with heart contraction and cardiovascular development functions and, to a lesser extent, energy metabolism (14) . We have also confirmed that a number of candidate genes involved in cardiac contractility had decreased expression levels in adult hearts with conditional ablation of Tbx20 in adult cardiomyocytes. This candidate gene approach, however, fails to recognize which of the over 4,000 TBX20 DNA binding regions reflect a functional role for this protein in the transcriptional regulation of the cognate gene, or simply reflects a binding event with no impact on gene regulation.
To gain a genome-wide view of the functional impact of the abrogation of TBX20 and to perform an unbiased assessment of genes and functions directly or indirectly regulated by this transcription factor, we evaluated, using RNA-seq, the effect of the adult cardiomyocyte-specific ablation of Tbx20 on the transcriptome.
Cardiac-specific ablation was obtained by conditionally excising exon 2 of Tbx20 (mm9 coordinate chr9:24,575,123-24,575,374), by injection of tamoxifen in -MHC-mER-CremER/Tbx20 f/f /R26R-lacZ/lacZ mice, as described in (14) . RNA was obtained 4 days following tamoxifen injection, approximately 24 hours after a 60-80% decrease in TBX20 protein in cardiomyocytes was observed (14) . Consistent with the gene ablation strategy used, we 6 detected a significant decrease in sequence reads specifically for exon 2 of Tbx20 knockout hearts compared to wild-type, with the remaining upstream and downstream Tbx20 exons showing no difference between groups. Of 21,213 RefSeq genes, we identified 10,095 genes expressed in adult mouse heart (47.6%), with an additional 11,118 genes showing no expression or barely measurable expression levels, similar to background levels (see Materials and methods for details in the classification). A complete annotation of expression levels and ChIP peak-to-gene assignment is given in Supplemental File 1.
We found that conditional ablation of Tbx20 in adult cardiomyocytes led to global changes in the transcriptome. While the Pearson's R 2 of the log normalized expression levels per gene between three RNA-seq replicates of each group (wild-type and knockout) was 0.98 ± 0.01, correlation between wild-type and knockout samples was considerably lower (R 2 ~ 0.88 ± 0.01) ( Figure 1A and Supplemental Figure S1 ), Indeed, we identified 4,189 genes differentially expressed between wild-type and knockout hearts, using DESeq (16) at an adjusted P-value < 0.001 and >1.5-fold expression difference ( Figure 1B) .
Next we explored the functional categories of genes whose expression levels are affected by ablation of Tbx20, performing an analysis of enrichment of Gene Ontology (GO) terms (17) on the differentially expressed genes sets shown in Figure 1B . We grouped GO terms in major categories (see Materials and methods) and compared the occurrence of these categories across different gene sets (Figure 2A and Supplemental Figure S2 ). We did not observe enrichment of cardiac-related functions among genes that were not expressed in the heart, expressed at very low levels, or that did not change expression in Tbx20 conditional knockout hearts.
In contrast, we observed a clear cut difference in GO terms between genes which were up-or down-regulated in Tbx20 adult myocardial mutants (Figure 2A ). While down-regulated genes (1,404) were predominantly involved in heart function, contraction, heart development, blood/circulation, and energy metabolism, up-regulated genes (2,785) showed almost no enrichment for such functions. Rather, up-regulated genes seemed to be primarily involved in neuronal function, immune response, cell death/apoptosis, development and proliferation of various tissues other than heart and muscle/fibroblast proliferation. The full GO annotation is available as Supplemental File 2.
These data suggest that genes involved in excitation/contraction coupling and various aspects of energy metabolism are activated by TBX20, while genes involved in immune response, apoptosis, cell cycle and proliferation, and developmental programs of noncardiovascular tissues and systems are normally repressed by TBX20. This difference in functional categories of genes that are activated or repressed by this dual-role transcription factor has not been previously appreciated. Nevertheless, transcriptome differences alone are not sufficient to distinguish genes which directly rely on TBX20 for their proper expression from those which are adapting to a changing cellular milieu consequent to Tbx20 ablation. To identify genes which are direct targets of TBX20 and change their expression in knockout hearts, we next compared genome-wide TBX20 DNA binding data (ChIP-Seq) with transcriptome data (RNA-Seq) of wild-type and knockout hearts.
Intersection of DNA binding and transcriptome data highlights TBX20 functional targets
To identify genes that are likely primary mediators of TBX20 functions in adult heart, we selected genes that were both differentially expressed in the Tbx20 knockout hearts and harbored a ChIP-seq-identified TBX20 DNA binding region (TBX20 ChIP peak) in their proximity ( Figure 1B) . We refer to these genes as putative direct targets, in contrast to genes with no nearby TBX20 ChIP peak which are referred to as putative indirect targets. We are aware that the presence of a nearby TBX20 ChIP peak does not necessarily imply that a given gene is a direct target. Nonetheless, the results presented below indicate that this set is enriched for real direct targets and supports the validity of this classification.
Genes with a nearby TBX20 binding region were expressed at 4-fold higher levels than all genes expressed in the heart (P < 2.2E-16, Wilcoxon rank sum test), indicating that the binding regions identified tend to be associated with transcriptionally active loci. Genes downregulated in Tbx20 conditional knockout hearts and harboring a nearby TBX20 binding region were enriched 1.9-fold (P<10 -43 ) above random expectation ( Figure 1B) . Reassuringly, the number of genes that were not expressed in heart and were TBX20 targets was lower than expected by chance by 2.5-fold (P<10 -77 ).
TBX20 acts as an activator or repressor to regulate distinct biological processes
Genes which were either up-or down-regulated and had a nearby TBX20 binding region (putative direct targets) displayed enrichment for functional categories similar to those obtained from analysis of transcriptome-only data in Tbx20 mutants and controls ( Figure 2B and Supplemental Figure S3 ). Down-regulated genes were preferentially involved in functions related to cardiovascular biology and energy metabolism. In contrast, up-regulated genes showed none of these heart and energy-related terms. Instead, up-regulated genes were involved in distinct biological processes, such as developmental programs in the central nervous system and other non-cardiac tissues, cell cycle and proliferation, and immune response. These observations reinforce the view that, in adult heart, TBX20 directs a dual-role transcriptional program, activating genes involved in heart contraction and development, while repressing genetic programs of other tissues and systems, and a cellular proliferation program.
Interestingly, the abundance of certain functional categories differed between transcriptome-only data (Figure 2A ) and TBX20 direct targets ( Figure 2B ). For example, energy metabolism and immune response were more abundant in the former set, whereas contraction, ion transport and development were more abundant in the latter. Indeed, genes involved in metabolic process, energy metabolism and mitochondrial terms (a proxy for energy metabolism functions) followed a different trend of GO enrichment, compared to contraction and development. The enrichment of the former functional categories in the differential expression/ChIP gene set was lower than that seen in transcriptome-only data or differentially expressed genes without nearby TBX20 ChIP binding regions (indirect targets), a trend opposite to all other categories ( Figure 2C ). These results suggest that whereas TBX20 directly regulates some genes involved in metabolic processes, a number of genes in these functional categories that were differentially expressed in knockout hearts are likely to reflect secondary responses to ensuing cardiac pathology in mutant mice. Functional categories preferentially enriched among up-regulated genes without an assigned TBX20 binding region (indirect targets) included immune response and stress, showing the same pattern described above for energy metabolism (Supplemental Figure S4) .
Comparison of TBX20 ChIP peaks grouped by differential expression patterns
Having established that TBX20 acts as a transcriptional activator and repressor, directly regulating genes with distinct biological functions, we next sought to compare these groups of DNA regions bound by TBX20 to determine features that might explain how this transcription factor differentially regulates gene targets (Figure 3 ). TBX20 binding regions near down-regulated genes contained the TBX20 ChIP-seq DNA binding motif that we uncovered from our ChIP data (14) more frequently than binding regions elsewhere in the genome and yielded more sequence reads, indicative of stronger or more frequent binding ( Figure 3A and B) . However, we found no difference between the percentage of TBX20 binding regions in promoters and in their frequency per loci (regions/bp) across expressed genes, whereas unexpressed genes showed a different trend as discussed below (Figure 3C and D) . Interestingly, all sets of TBX20 binding regions, regardless of expression pattern, displayed evolutionary conservation at clearly higher levels than the rest of the genome, and the proportion of ChIP peaks overlapping low complexity repeats was considerably lower than the rest of the genome in all sets ( Figure 3 , E and F), suggesting that they are biologically functional.
Gene sets differed in their association with TBX20 co-factors. GATA4 and NKX2-5 are known to positively co-regulate gene expression with TBX20 in the heart (13, 15) and p300 is a general transcription activator (18). Interestingly, genes whose nearby TBX20 peaks overlapped a peak for GATA4, NKX2-5, TBX5 (19), or p300 (20), were more likely to be down-regulated or remain unchanged, but not more likely to be up-regulated in conditional knockout hearts ( Figure   4 ). These results suggest that TBX20 may employ distinct cohorts of co-factors to control specific genetic programs within the heart. Interestingly, TBX20 binding regions in the neighborhood of genes that were not expressed in the heart differed from binding regions assigned to expressed genes, suggesting that they do not play a role in regulation of gene expression. They contained fewer TBX20 motifs, were represented by fewer reads (weaker binding) and occurred at a lower frequency in these loci (binding regions/bp) (Figure 3, A-D) . However, as noted above, all sets of TBX20 binding regions, including those near genes not expressed in the heart, were evolutionary conserved and overlapped fewer low complexity repeats than the rest of the genome (Figure 3 , completely rule out a biological role for binding events near unexpressed genes. Future studies are needed to establish what functional roles these regions may encompass.
DNA binding motifs within TBX20 binding regions
To expand our knowledge on possible TBX20 DNA binding co-factors, we scanned TBX20 binding regions associated with genes that were up-or down-regulated in conditional knockout hearts for over-representation of transcription factor binding sites (TFBS). Because these gene sets belong to different functional categories and regulatory codes are likely to be specific, we further split down-and up-regulated genes by the functional categories in Figure 2 .
We then selected peaks associated with genes in each subset and analyzed TFBS overrepresentation using position weight matrices (PWM) from Jaspar (21) and UniProbe (22) using Clover (23) against different background sequences.
Among over-represented PWMs, we searched those that were exclusively present in upor down-regulated gene/binding regions subsets. We employed a highly stringent setup, accepting only PWMs over-represented in 3 higher order Markov model backgrounds and 2 mouse genome sequence sets (see Materials and methods). Although this approach limits the number of TFBS identified, it increases the likelihood that identified factors are biologically relevant. Results of these analyses are summarized in Table 1 .
Motif overrepresentation in genes down-regulated in Tbx20 mutants
As shown in Figure 4 , the co-binding of TBX20 with GATA4, TBX5 or NKX2-5 (19) was predominantly associated with genes down-regulated in Tbx20 conditional knockout hearts.
Consistently, we also found that GATA and NKX PWM's were predominantly over-represented in subsets of TBX20 binding regions associated with down-regulated genes, reinforcing the idea that these transcription factors act as TBX20 co-factors to activate gene expression in the heart. We also uncovered an over-representation of a PPARG/RXRA (Jaspar accession number: MA0065.2) only in down-regulated genes within the "energy metabolism" functional category, in line with reports that PPARG is required for fatty acid utilization in the adult heart (24). Interestingly, analysis with GREAT (25) showed that genes in the "PPAR signaling pathway" and "Genes up-regulated in differentiating C2C12 cells (myoblasts) upon expression of PPARGC1A [Gene ID=10891] off an adenoviral vector" (MSigDB) were exclusively overrepresented in the down-regulated/ChIP dataset (Supplemental File 2), reinforcing the observation that PPAR factors may be important TBX20 co-factors for activation of these subsets of genes. To validate PPARG as a TBX20 co-factor in adult heart, we performed ChIP of TBX20-GFP as described (14) followed by Western blot analysis with a PPARG antibody (Supplemental Figure S7) . The result obtained confirmed that PPARG and TBX20 co-occupy DNA fragments and are likely to be functional co-factors in adult heart.
In our previous work, we found that 5 transcription factors (TBX20, MEF2A, ESRRA/B, CREB1 and TEAD1) seem to be part of a regulatory code for activation of ion transport and contraction genes in adult cardiomyocytes (14) . Although the top-down analysis starting with all contraction/ion transport genes did not recover the complete code (only TBX20, MEF2A and TEAD1 were found to be over-represented), the set of genes with nearby TBX20 binding regions containing all the 5 motifs was 3.1-fold more likely to contain down-regulated genes than expected by chance (P = 2E-7), supporting a functional role for this specific motif combination for gene activation in adult heart. Also supporting the notion that ESRRA/B may be a TBX20 co-factor, our analysis with GREAT (25) showed that the gene sets "Genes up-regulated by ESRRA only" and "Genes regulated by ESRRA in MCF-7 cells (breast cancer)" and the ESRRA motif in "MSigDB at Harvard University on February 11, 2012 http://hmg.oxfordjournals.org/ Downloaded from Predicted Promoter Motifs" are exclusively over-represented in the down-regulated/ChIP set.
Motif overrepresentation in genes up-regulated in Tbx20 mutants
Among motifs over-represented in genes up-regulated in Tbx20 mutants (see Supplemental File 2) are ESR1, ESR2, GATA and a REST half-site (Table1). ESR1 and ESR2 serve as binding sites for estrogen receptors, which have well defined roles in repressing transcriptional programs in the cardiovascular system, particularly in mitochondria (26), in line with our findings (Table 1 ). It is intriguing that REST is also among these motifs, given that REST/NRSF is a transcription factor commonly associated with repression of neuronal programs in non-neuronal tissues (27, 28). Recent data shows that the expression of a dominant negative REST isoform in the adult mouse heart leads to dilated cardiomyoptahy, arrhythmias and death, illustrating the ongoing requirement of REST for proper adult heart function (29). While our data posit an association between DNA binding motifs for TBX20 and other transcription factors with well established roles in repressing transcription programs in the heart, it remains unclear whether the cognate transcription factors in Table 1 and Supplementary file 2 are co-factors of TBX20 in vivo; a subject of future investigation.
Overall, these TFBS signatures are consistent with the idea that TBX20 cooperates with distinct cohorts of transcription factors to act as a transcriptional activator or repressor to regulate distinct genetic pathways.
TBX20 binds, in vitro, to a novel motif with lower affinity than previously characterized Tbox motifs
The TBX20 DNA binding motif that we uncovered from our ChIP data (14) (consensus AGGTGNTGACAG), resembles known T-box DNA binding motifs identified in vitro (TBX20 and TBX5 motifs identified by SELEX (30) and EOMES motif identified by protein binding microarray (31) , both consensus AGGTGTGA), but contains one position with no nucleotide preference, creating a gap in the motif, and ends with CAG instead of AAA ( Figure 5) . We hypothesized that the affinity of the in vivo binding motif may be lower than the in vitro motifs, which, by design, select for high affinity sites. To directly test this, we employed surface plasmon resonance to compare relative dissociation constants (K d ) of TBX20 binding affinity to a representative sequence of the EOMES motif (consensus AGGTGTGAA) and one based on the consensus sequence of the novel TBX20 binding motif (AGGTGCTGACAG) using a non-specific sequence as reference. The binding affinity for the representative EOMES sequence was 45.7 ± 0.1 nM, whereas the sequence for the novel TBX20 motif had lower affinity at 99 ± 13.4 nM (P-value of 0.011).
As we noted previously, the higher affinity EOMES motif occurs in considerably lower frequency than the TBX20 motif within TBX20 binding regions (28% vs 51%, respectively) (14) .
The relative frequency of the EOMES and TBX20 de novo motifs was similar in up-and downregulated genes. Also, we did not observe a significant difference in the magnitude of change in expression for genes regulated by TBX20 binding to either motif type. Therefore, differences in binding affinity do not seem to explain the different expression patterns observed.
Nonetheless, the fact that the DNA binding motif used by TBX20 in vivo has approximately 2.5 fold lower affinity than the motif previously described from in vitro experiments is intriguing. It is unclear what, if any, the in vivo functional significance of this relatively modest reduction in affinity is. One possibility is that a reduced binding affinity might allow for a faster dissociation of the bound protein to DNA.
A recent report has demonstrated that Pax6 expression relies on an enhancer with reduced affinity binding site for PREP1 for its temporal control of expression in the developing eye, although with a 5-7 fold affinity difference between motifs, higher than we observe with the TBX20 motif. Interestingly, it is thought that T-box proteins bind to similar motifs and often compete for the same binding regions in the genome. Toward that end, we observed a significant overlap between TBX20 and TBX5 binding regions in cardiomyocytes (14) . It is possible that T-box proteins, notorious for their dosage sensitivity, rely on lower affinity genomic binding sites as part of their repertoire of strategies to determine the regulatory output of multiple T-box proteins competing for the same binding site, often with widely different outcomes.
Discussion
In the present work, coupling ChIP-seq data with gene expression analysis allowed us to molecularly characterize effects of Tbx20 knockout in adult heart and address regulatory roles of this transcription factor, revealing biological functions affected in the adult cardiomyocytespecific mutant of Tbx20, and offering mechanistic insights into regulation by TBX20.
Although our criteria for selecting differentially expressed genes in the knockout was conservative (we used both a P-value and fold-difference to enrich for biologically significant changes), we found that approximately 4,200 genes were up-and down-regulated. The strikingly high number of genes highlights the importance of TBX20 in adult heart. Most of the 4,200 genes affected in knockout heart do not seem to be directly regulated by TBX20, possibly reflecting indirect propagation of effects caused by absence of TBX20, as also observed for other transcription factors (32, 33) . The primary functional categories of secondary-effect differentially expressed genes include energy metabolism, other metabolic processes and immune response, processes with extensive networks of feedback regulation that could explain indirect propagation. Intriguingly, we found 1,219 genes (40% of TBX20 ChIP targets) that had a nearby TBX20 binding region but were not differentially expressed in Tbx20 conditional knockouts. One possibility is that these binding regions are primed by TBX20 for activation in other time points and conditions. High numbers of genes that are bound by a given transcription factor but are unaffected by its absence have been observed (32, (34) (35) (36) , and functional redundancy or compensation by other transcription factors has been proposed as an explanation (34, 37) . A study on T-bet (Tbx21) also identified genes that were bound by this T-box protein but were unaffected by its over-expression or absence. The authors suggested that this observation could reflect functional redundancy with other T-box proteins and different roles for a given T-box protein at each locus (37) .
Distinct activator and repressive functional categories of direct gene targets of TBX20
Genes activated by TBX20
Confirming our analysis of TBX20 chromatin binding data only (14) , we showed that TBX20 is an activator of genes responsible for ion transport/contraction. We also unraveled a previously unappreciated role of TBX20 in energy metabolism, with binding regions near genes involved in glycolysis, beta-oxidation, tricarboxylic acid cycle and electron transport chain, and other metabolic processes. Energy requirements during cardiac development change as cardiomyocytes progressively undergo proliferation, differentiation and postnatal growth, shifting from glycolysis as the major energy source to fatty acid beta-oxidation as a preferential source of energy in adult hearts (38). Our data showed that genes belonging to both energy pathways were positively regulated by TBX20 in adult heart, indicating that this factor controls both energy metabolism programs. TBX20 regulation of energy metabolism genes seems to involve the transcription factor PPARG, a member of a family of proteins known for their roles in regulating lipid metabolism in general and also in adult heart (24, 39), as indicated by our bioinformatics and Western blot analyses.
Genes repressed by TBX20
In parallel to activation of genes involved in cardiac contraction and energy metabolism, our analysis revealed a repressive role for TBX20, corroborating previous in vitro reports (15, 40) . We were able to tease out, genome-wide, the identity and functional roles of these genes.
We observed that genes repressed by TBX20 included those with roles in development and specification of non-cardiac tissues and systems and repressed in heart. How TBX20 establishes and maintains a transcriptional repressive program will be the goal of future investigation. It is possible that the repressive function on certain genes might be temporally restricted, such as the repression of genes involved in cell cycle and proliferation, given that TBX20 is a key mediator of cardiac proliferation during embryogenesis but also seems to regulate an active anti-proliferation program in adult heart. It is unclear how the functional outcome of activation or repression is achieved upon binding of TBX20 to DNA. Different isoforms or presence of different co-factors may play a role. The longest known mouse TBX20 isoform contains both transactivating and transrepressing domains whereas shorter ones only carry the DNA binding domain and isoforms respond differently to co-factors such as GATA4 and NKX2-5 (15).
Conclusion
By coupling genome-wide DNA binding and transcriptome data from normal and Tbx20 knockout mouse hearts, we uncovered major biological functions regulated by TBX20. We identified different cohorts of co-factors that, together with TBX20, are likely to differentially regulate distinct sets of genes with specific biological roles. Among these, PPARG may be an important TBX20 co-factor activating energy metabolism genes in the adult heart while REST, a known transcriptional repressor, may act with TBX20 to silence genes controlling genetic programs unrelated to adult heart function or in response to damage to this tissue. Finally, we characterized the binding properties of the main TBX20 binding motifs in vivo, showing that the novel TBX20 motif that we described previously has lower binding affinity than the motif previously identified in vitro. Altogether, comprehensive and integrative approaches and analyses that we employed allowed a detailed molecular characterization of the ongoing functions of TBX20 and its co-factors in maintaining the structure and function of adult heart.
Materials and methods
RNA-seq data generation
Total RNA from adult mouse hearts was extracted using Trizol®. 10 ug of total RNA was used to isolate mRNA with Dyna1 oligo dT beads (Invitrogen, Carlsbad, CA) according to manufacturer instructions. mRNA was fragmented using Ambion® 10X RNA Fragmentation Reagent and heat to 70°C for 5 min. Cleaved RNA fragments were transcribed into first strand cDNA using Random Primer Mix (NEB) and Supercript II Reverse Transcriptase (Invitrogen, Carlsbad, CA). This was followed by a second strand synthesis using DNA Polymerase I and RNAseH (Invitrogen, Carlsbad, CA). After purification, double stranded cDNA fragments were repaired by a Klenow reaction, ligated to Illumina adapters and size selected (200 pb) by gelexcision to generate the library for sequencing. Adapter-modified cDNA fragments were enriched by PCR amplification, purified and sequenced for 36 cycles on the Illumina Genome Analyzer II. Three replicates for each condition (wild-type and Tbx20 conditional knockout) were at Harvard University on February 11, 2012 http://hmg.oxfordjournals.org/ Downloaded from generated from one mouse heart each.
The sequencing data are available from NCBI GEO (41) (http://www.ncbi.nlm.nih.gov/geo), accession number GSE30943.
Differential gene expression
Genomic coordinates of RefSeq mRNAs aligned to mm9 were downloaded from UCSC Genome Browser (42) (16) was used to call differentially expressed genes. We only accepted genes which highest RPKM (wild-type or knockout) was significantly above background levels (adjusted P < 0.01). Background levels were estimated by calculating RPKMs of 20kb intergenic chunks. The percentage of chunks with RPKM ≥ a given sample RPKM was used as the P-value for being background. P-values were corrected for multiple testing using the "fdr" procedure of the p.adjust function of the R statistical package (44) .
When trying different significance cutoffs, we noticed that higher stringency resulted in higher fold-enrichments of heart contraction/development and energy metabolism terms. We chose a cutoff that was statistically stringent, resulted in high GO enrichments and yielded a sizable number of genes for our downstream analyses.
ChIP data
TBX20 ChIP data used in this paper was previously published (NCBI GEO (41) (http://www.ncbi.nlm.nih.gov/geo) accession number GSE29636) (14) . Briefly, Illumina reads were aligned to the mouse genome (mm9) using Eland and only reads uniquely mapped to the genome were used. Peaks were called against whole heart input chromatin using QuEST 2.3 (45) with the "transcription factor" setting and ChIP-to-background cutoff of 30. All other parameters were default.
TBX20 ChIP peak assignment
Peaks occurring inside the gene or within 6 kb around the transcription start site were assigned to that gene (multiple assignments allowed) and peaks occurring in intergenic regions were assigned to the nearest gene to avoid ambiguity in assignment to up-and down-regulated genes.
Motif enrichment
Clover (23) was run with default parameters (P-value cutoff = 0.05, 1,000 random sets) against five control sequence sets: a mouse promoter set and chromosome 21 sequences provided with Clover and sequences generated from 3 
Gene Ontology analyses
MGI associations of Gene Ontology terms (17) to genes and the GO database were downloaded in August 01, 2010. MGI GO terms and all upstream terms were associated with RefSeq (46) genes and half of both flanking intergenic regions (locus) and using these associations, a "genome fraction" for each term was calculated (gene + intergenic regions length/2 divided by total genome length). Peaks were assigned to a given GO term via the locus annotated with the term. Significance of GO enrichment was assessed with the binomial test using the "genome fraction" as probability of success to correct for locus length bias (47) .
Concomitantly, a hypergeometric test was conducted on genes to which peaks were assigned.
Only terms with P < 0.05 in both sets were accepted as significant. The Benjamini-Hochberg method in the R package (44) was used to correct for multiple tests. For analyses involving differentially expressed genes only the hypergeometric test was used, as RNA-seq data are not as biased for locus length.
Results for other ontologies were obtained with the online tool GREAT (25), assigning peaks to the nearest gene up to 100 kb against the whole mm9 genome. GO terms obtained with GREAT agreed well with our own method.
To compare GO enrichments in Figure 2 , we pooled all 2,300 GO terms enriched in differentially expressed genes and ChIP genes and manually classified 1,283 terms in the categories shown in Figure 2 (Supplemental File 3 and Supplemental Material). The fractions of GO terms for a given gene set are the numbers of terms in a given category enriched in the set divided by the total number of enriched terms in the set. As not only the fraction of terms, but also the fold-enrichment varies across datasets, fractions were multiplied by the mean foldenrichment to provide a more comprehensive measurement (abundance).
Comparison of genomic features
Peak heights were compared with Wilcoxon rank tests. The percentage of peaks within 200 bp around the TSS and containing a TBX20 ChIP-seq de novo motif were compared with chi-square tests.
Evolutionary conservation 100 bp around peak centers was measured using the 30-way phastCons (48) track from UCSC Genome Browser. For the analysis of repeats, a minimum overlap of 10% of the peak length with low-complexity and simple repeats from the RepeatMasker (49) track from UCSC Genome Browser was required. Since the different ChIP peak sets occurred near the TSS in different frequencies, to avoid nucleotide composition biases associated with the TSS that would affect conservation and frequency of repeats, only peaks located in intergenic regions were considered. To calculate expected phastCons scores and overlap with repeats, 1,000 random sets containing the same number of TBX20 ChIP peaks of interest were generated by sampling size-matched coordinates within the same loci of each ChIP peak from the uniquely mappable regions of the genome. These regions were extracted from the mm9 Mapability track of the UCSC Genome Browser (crgMapabilityAlign36mer.bw).
To estimate how likely a given change in fold-difference associated with overlap with other ChIP peaks could be randomly obtained (Figure 4) , 10,000 sets with the same number of genes of a given test set, randomly sampled from all TBX20 putative target genes, were generated and the number of genes found in a given differential expression gene set was counted. P-values were calculated by counting the number of sets with at least the number of genes from the test set in the same differential expression set.
The BH method in the p.adjust R package function was used to correct for multiple comparisons.
Determination of relative binding affinity
Surface plasmon resonance analysis was performed on a Biacore 3000 instrument.
Biotinylated double-stranded oligonucleotides were purified using MinElute spin columns (Qiagen) and were immobilized onto a streptavidin-coated Sensor Chip SA (Biacore); a target response of 200 RU was used during DNA immobilization step. Protein samples were diluted in ice-cold running buffer (10 mM Tris-HCl, pH 7.4; 2 mM β-mercaptoethanol; 0.02% Triton-X-100; Proteins were passed through four flow cells at room temperature at a flow rate of 50 uL/min, using the KINJECT option, 250 uL sample (500 sec dissociation phase). Protein samples, at multiple concentrations, were applied to the chip 2-3 times and all response curves of the series for each run were independently fit to kinetic binding models using Scrubber2 software (BioLogic Software). They are determined by first fixing off-rates (k d ), fits of the dissociation phase of the response curves, and then using the k a /k d option to fit the on-rates. Nearly identical results were obtained using the k m /k a /k d fitting option that accounts for mass transport. proportions, suggesting that these proteins co-regulate gene expression with TBX20. X-axis:
fold-difference between (1) the proportion of genes in a given expression category with a nearby Upregulated genes REST half-site development (general), development (other), metabolism, neuronal, translation * PWM over-representation only verified when considering enrichment in select background model. All the other PWMs were over-represented in all background models. ESR1: MA0112.2, ESR2:MA0258.1, GATA1: MA0035.2, GATA3: UP00032, GATA5: UP00080, GATA6: UP00100, NKX2-5: UP00249, NKX2-6: UP00147, NKX1-2: UP00139, NKX2-4: UP00107, NKX2-6: UP00147, NKX2-9: UP00119, NKX3-1: UP00017, PPARG: Jaspar MA0065.2, RARA: UP00048, REST full and left half-site: MA0138.2. MA: Jaspar, UP: UniProbe.
